See Editorial Comment, page 277 type of neuronal glutamate receptors6-8 and has been correlated with increased intracellular calcium levels.7-10 Exposure of neurons in culture to excitotoxic levels of glutamate results in a significant increase in the concentration of intracellular free calcium. In addition, removal of extracellular calcium from the culture medium during glutamate exposure has a beneficial effect on neuron survival.3781' Therefore, alteration of neuronal calcium physiology may be a major mechanism by which glutamate exposure induces cell death.
Research in our laboratory has shown that exposure of neurons to excitotoxic levels of glutamate results in a prolonged depolarization of membrane potential in hippocampal neurons, termed extended neuronal depolarization (END).12"3 After removal of the glutamate, neurons remain depolarized throughout the recording session (up to 2 hours) and show a greater than 50% increase in membrane conductance. The development of END does not result from neuronal death, which is demonstrated by the facts that neurons retain the ability to respond to subsequent glutamate application, can fire action potentials when electrically stimulated, and ap-pear phase-bright and exclude vital dyes. Another important characteristic of END is that its expression is dependent on both the presence of extracellular calcium and the activation of NMDA-subtype glutamate receptors. 12 Because delayed neuronal death and the development of END following toxic glutamate exposure are calcium-dependent, we examined the effect of excitotoxic glutamate exposure on an intracellular calciumregulated system. Calcium/calmodulin-dependent protein kinase II (CaM kinase II) is a neuronally enriched, calcium-regulated enzyme that is sensitive to the effects of excitotoxic paradigms such as seizure activity14-17 and ischemia18-23 in many animal models. Inhibition of CaM kinase II activity is an early and long-lasting phenomenon following ischemia.19 2123 In addition, ischemiainduced inhibition is not due to proteolytic destruction of the enzyme but is most likely due to a posttranslational modification of the protein. 18 for 10 minutes) resulted in 87.0+1.6% loss of cortical neurons after 24 hours (Figure 2 ), confirming results reported previously.378 Approximately 20-30% neuronal loss after 1 hour was also observed. The acute toxic reaction to glutamate exposure agrees with previously reported acute neuronal loss and is probably sodium-or chloride-dependent." The addition of MK-801 to the incubation medium resulted in significant protection (p<O.001, one-way ANOVA, n=20) from the glutamate-induced neuronal loss after 24 hours (Figure 2) . Therefore, any cell loss during the first 24 hours after glutamate exposure was due predominantly to glutamate treatment and not to an artifact of handling the cultures.
Recordings from cortical neurons after 3-4 weeks in culture revealed a resting membrane potential of about -60 mV (n=10) and overshooting spikes with mean action potential amplitudes of approximately 80 mV. Some cells responded to a brief intracellular current injection (0.5 qA, 2 seconds) with a train of spikes ( Figure 3A ). Short-term glutamate application (2 minutes) resulted in depolarization of the cortical neurons, but membrane potential returned to the preexposure level upon removal of the glutamate ( Figure 3B ). Cytotoxic application of glutamate (10 minutes) elicited a stereotypical response that consisted of a rapid initial depolarization accompanied by burst firing, followed by a sustained depolarization to a level of -8 to 0 mV for the duration of glutamate exposure. Upon removal of the glutamate, the neurons repolarized only partially and then remained depolarized at this level throughout the recording session (up to 2 hours) with no sign of repolarization (n =7 of 7, Figure 3C ). The sustained depolarization did not appear to be the manifestation of cell death because the neurons retained responsiveness to glutamate application (data not shown).'2 In addition, glutamate-treated neurons could be repolarized with current and demonstrated the capacity to fire action potentials upon rebound if repolarized with current injection 1 hour after the 10-minute glutamate application ( Figure 3D) . Cortical cultures parallel to those used for cell death and electrophysiological studies were used for biochemical studies. Homogenates from cortical neuron cultures demonstrated calcium-stimulated phosphate incorporation above the magnesium-dependent (basal) phosphorylation into specific peptide bands (Figure 4) To determine whether the glutamate-induced inhibition of CaM kinase II activity was due to autophosphorylation, homogenates were treated with phosphatases shown to be active toward autophosphorylation of CaM kinase 11.22,29 Homogenates obtained from both control and glutamate-treated cultures were exposed to PRP-C for 20 minutes and subsequently reacted for CaM kinase II activity as described in "Materials and Methods." PRP-C pretreatment and subsequent kinase reactions resulted in an approximately 40-50% increase in calcium-stimulated phosphate incorporation into the 50-kd band in both control and glutamate-treated samples (data not shown). The increased incorporation of labeled phosphate was probably due to phosphatasedependent removal of unlabeled phosphate, thus uncovering potential phosphorylation sites on the enzyme. The observed increase in labeled phosphate in PRP-Ctreated tissue provided an internal control to ensure activity of the phosphatases toward CaM kinase II. PRP-C treatment did not restore CaM kinase II activity to glutamate-treated cell homogenates ( Figure 5 ). CaM kinase II activity was inhibited 33.6±+-4.9% before PRP-C treatment and remained inhibited 28.7±4.7% after PRP-C treatment. Activities of PRP-C-treated homogenates obtained from glutamate-exposed cultures were significantly different from those of PRP-Ctreated homogenates from control samples (p<0.001, one-way ANOVA, n=7), demonstrating that the difference between control and glutamate-treated cells was not reversible by phosphatase treatment.
To further determine the mechanism by which glutamate treatment causes changes in CaM kinase II activity, cortical neuron cultures were exposed to glutamate in the presence or absence of MK-801.78 Concomitant exposure of cortical cells to 500 ,uM glutamate and 20 ,uM MK-801 resulted in 100% cell survival after 24 hours (Figure 2) . The results are similar to previous findings in other laboratories. In addition, CaM kinase II activity in homogenates from cultures exposed to both glutamate and MK-801 was not significantly different from that in control tissue ( Figure 6 ). Signifi Information on membrane potentials during glutamate application provides an insight into the underlying biophysical or biochemical processes that ultimately result in delayed neuronal death. Electrophysiological results using patch electrodes from this study have allowed us to monitor membrane potential changes during and after the application of neurotoxic concentrations of glutamate. We show that neurotoxic glutamate application to cortical neurons resulted in an END that was observed long after glutamate washout and usually lasted for the duration of the recording session (up to 2 hours). A comparable effect of glutamate exposure has been observed in neonatal hippocampal cultures, and the END was elicited by NMDA receptor activation. 12, 13 CaM kinase II is a major neuronal calcium-regulated effector system that is sensitive to conditions that alter neuronal excitability. '4-23,32 greater than that observed for MK-801 alone. Therefore, the possibility exists that a threshold intracellular calcium concentration is necessary for pathological alteration of neuronal physiology. Future experiments will be conducted to address this possibility, which is not within the scope of the present study.
This report demonstrates that exposure of cultured neurons to excitotoxic levels of glutamate results in END and significant inhibition of CaM kinase II activity. This same treatment has been shown to result in extensive, delayed neuronal loss (80-90%), which is observed after 24 hours. It is tempting to speculate that such inhibition of CaM kinase II activity may underlie neuronal loss. In this study, MK-801 coincubation resulted in protection from both glutamate-induced loss of neuronal viability and inhibition of CaM kinase IL activity. In addition, there is significant correlative evidence of inhibition of CaM kinase II activity and neuronal death in whole-animal models of ischemia and status epilepticus. [15] [16] [17] 20, 21 The cell culture model provides a useful tool to decipher the pharmacological and cellular mechanisms whereby glutamate induces delayed neuronal death. Future studies using the longterm cell culture methods described in this report will be performed to determine the mechanisms of glutamate toxicity in cortical cells.
Editorial Comment
The importance of protein phosphorylation in the central nervous system has become increasingly evident. This area has been the subject of biochemical investigation for many years, but studies of these reactions and signal transduction have become the major goal of many investigations. The prominence that this body of work has achieved is demonstrated by the award of the 1992 Nobel Prize for Physiology or Medicine for work in this area.
Signal transduction is probably the most important activity of the nervous system, so studies of protein phosphorylation in the brain would seem to be quite logical. When receptors on the neuronal surface are activated by a variety of stimuli, a series of reactions occur that result in modulation of intracellular calcium. The calcium acts as a second messenger to activate calcium/calmodulin-dependent protein kinase II (CaM kinase II). This kinase then phosphorylates many intra-
